The web, and more recently the concept and technology of the Semantic Web, has created a wealth of new ideas and innovative tools for data management, integration and computation in an open framework and at a very large scale. One area of particular interest to the science of hydrology is the capture, representation, inference and presentation of provenance information: information that helps to explain how data were computed and how they should be interpreted. This paper is among the first to bring recent developments in the management of provenance developed for e-science and the Semantic Web to the problems of hydrology. Our main result is a formal ontological model for the representation of provenance information driven by a hydrologic case study. Along the way, we support usability, extensibility and reusability for provenance representation, relying on the concept of modelling both domain-independent and domain-specific aspects of provenance. We evaluate our model with respect to its ability to satisfy identified requirements arising from the case study on streamflow forecasting for the South Esk River catchment in Tasmania, Australia.
INTRODUCTION
Hydrology is the study of the occurrence, distribution and movement of water on, in and above the Earth (see http:// www.economicexpert.com/a/Hydrology.htm). Simulating a hydrologic phenomenon can be complex. In addition to the challenges of representing physical dynamics, it may involve coupling multiple models and accessing multiple data sources. For example, water quality management routinely requires the coupling of multiple models to reflect the structure of the water flow through upper catchments, freshwater streams and tidal river estuaries (Taylor et al. ) . In a recent major exercise to quantify water availability of the Murray Darling Basin in Australia, a large variety of models were used: climate models, catchment water yield models, operational river system models, groundwater models and water accounting models (CSIRO ).
It is increasingly important to capture the provenance of simulation results developed this way. It is necessary for the purpose of the interpretation of results, especially as quantifying uncertainty in results in such a setting is very difficult. The authority and method by which a result was computed is a proxy for formal quality evaluation and can engender the appropriate level of trust in data. In some cases in Australia, results such as these are used for major, controversial, economic and environmental policy decisions which must be supported, and be seen to be supported, by the best science available. In addition, provenance is important for the application of the basic principles of scientific transparency and scientific knowledge evolution: enabling the capture, reproduction and improvement of best practices.
A recent incubator group of the World Wide Web Consortium (W3C, see http://www.w3.org/2005/Incubator/ prov/) defines provenance as follows:
'Provenance of a resource is a record that describes entities and processes involved in producing and delivering or otherwise influencing that resource. Provenance provides a critical foundation for assessing authenticity, enabling trust, and allowing reproducibility. Provenance assertions are a form of contextual metadata and can themselves become important records with their own provenance.'
For hydrology and its related disciplines, provenance, as a kind of metadata, can describe the original sources of data, data manipulations such as filtering and interpolation, the sources of models, the flow of data between models, the intermediate data products, the calibration of model parameters, and the purpose, destination, authority and quality estimates for any final data products.
One fundamental issue for provenance is its representation. A representation needs to be rich enough to support both domain-independent and domain-specific retrieval of the captured provenance knowledge. For example, a domain-independent question might ask for all the steps taken in a workflow that produced a named data Domain-independent questions correspond to a low-level view of provenance tasks that users have at hand; answering such questions requires causal relationships between data products to be captured as provenance. Domain-specific questions, on the other hand, represent a high-level view of provenance tasks; answering such questions requires provenance to be enriched with domain semantics.
In this paper, we contribute to the design of a representation aimed at answering both types of provenance questions. We develop our representation in the context of three guiding principles which are essential to any exercise in provenance capture and representation. These principles are as follows:
• A representation should be use case driven. Use cases play an important role in provenance representation. It is through use cases that we know what provenance requirements are; by examining the requirements, we are then able to identify what needs to be captured and represented, and at what level of granularity, in order to satisfy the requirements.
• A representation should be usable. One primary goal of a representation is to facilitate the use of provenance. This in turn requires the representation to be able to support querying and, we argue, support reasoning over provenance. The usability of a representation is also reflected in its interoperability with other provenance representations.
• A representation should be extensible. Use cases can never be exhaustive: there are always cases not examined previously. The important thing is to be able to discover generic provenance requirements from the use cases at hand, to meet these requirements, and to make a representation reusable for other possible use cases. A good representation will support extensibility to expand the scope of the domain and artifacts being represented, and also to expand the detail and level of granularity being represented, without forcing loss of access to prior provenance data.
These three principles serve as our guidelines for deciding what to represent and how to represent it. In following these principles, we start from a use case study. We investigate provenance requirements for streamflow fore- Having determined what to represent, we next decide how to represent it. We address this from the following aspects. First, we employ a modular approach to provenance modelling, which decouples domain-independent provenance from domain-specific provenance, and applicationgeneral provenance from use-case-specific provenance. As such, we support extensibility and reusability for provenance representation. Second, we model provenance by extending the widely used Open Provenance Model (OPM) (Moreau et al. ) , which promotes interoperability with other provenance representations. Third, we encode provenance in the formal logic-based Web Ontology Language (OWL, http://www.w3.org/TR/owl-features/), which not only enables expressive provenance representation, but also facilitates querying and reasoning over provenance.
Finally we evaluate our provenance representation with respect to the requirements established by the use case.
In summary, the contributions of this paper are as follows:
1. An analysis of provenance requirements for streamflow forecasting.
A representation of provenance information in stream-
flow forecasting with support for usability, extensibility and reusability principles. This is the first time these principles have been comprehensively applied and tested in the context of hydrologic science.
3. An evaluation of the representation with respect to its ability to meet the requirements identified from the use case.
The remainder of this paper is organised as follows. The next section gives a review of related work. The third section introduces the use case. The fourth section discusses provenance requirements for streamflow forecasting. Then we present the provenance model, followed by an evaluation in the sixth section. Finally, we end the paper with our conclusions.
RELATED WORK
Provenance has been studied in a number of domains, e.g. In hydrologic science, the only provenance work we are aware of is by Dozier & Frew () , where a snow mapping example is given. In the example, scientists first compute fractional snow cover maps from daily satellite observations and then filter, smooth and interpolate the maps to provide the best estimate of the daily snow cover. To capture and manage provenance in the mapping process, a software environment, the Earth System Science Server (ES 3 ) (Frew et al. ) , is used, where provenance is modelled as a direct graph of processes and their input and output files.
Our work complements Dozier & Frew' s work in that we model not only domain-independent aspects of provenance but also domain-specific aspects, which allows us to support a wider range of provenance inference tasks; also, by building our work on OPM, we facilitate our representation's interoperability with other provenance models.
CASE STUDY: STREAMFLOW FORECASTING
The South Esk River catchment ( River catchment, which involves the following major steps:
• Temporal normalisation: aggregation or extrapolation of data at a specific temporal scale.
• Spatial normalisation: interpolation of data at a specific spatial scale.
• Model calibration: calibration of model parameters using the shuffled complex evolution optimisation method (SCE-UA) (Duan et al. ).
• Model simulation: simulation of streamflow by first running the calibrated model for a certain period (i.e. warmup period), and then using the model states (e.g. soil moisture, groundwater and channel storages) at the end of the warm-up period as the model's initial condition with rainfall forecasts to simulate streamflow.
PROVENANCE REQUIREMENTS
Given a case such as the above, and a streamflow forecast- There is no 'one size fits all' set of quality dimensions.
For assessing the quality of a forecasting result, accuracy is one major consideration. The accuracy of a forecasting result, i.e. the extent to which the forecasts are close to the observations, is affected by uncertainties in hydrologic modelling and forecasting. Common sources of uncertainty include model structure, parameters, and input and observed output data (Butts et al. ) . Model structural uncertainty arises from the inability of a model to truly represent a hydrologic system; parameter uncertainty is caused by the so-called equifinality (Beven ), i.e. the nonuniqueness or nonidentifiability of parameters in the feasible parameter space; and data uncertainty is due to measurement errors (including both systematic and random errors), limited spatial and temporal sampling, or errors introduced by data processing (e.g. spatial interpolation).
To facilitate accuracy assessment, information on these uncertainty sources needs to be provided. With such information, users can then determine, based on their knowledge, which uncertainties should be accounted for, and which can be neglected without affecting forecast accuracy. In general, the following information is of interest:
• The hydrologic model used. This includes its version, processes, inputs, outputs, states, (free) parameters, spatial treatment of inputs and parameters (i.e. lumped, distributed or semi-distributed) and routing schemes.
• The hydrologic data used and generated. • The steps involved, including the methods and con- The requirements for the information to be provided are also reflected in the provenance questions that can be asked.
There are two types of provenance question: domainspecific and domain-independent, and the difference between them is whether or not domain semantics are needed to answer questions. A domain-specific question could be: 'Find all data preprocessing steps involved that contribute to the computation of a streamflow forecasting result' and its domain-independent version may be: 'Find all steps involved that contribute to the computation of a result.' Provenance information enriched with domain semantics can be used to answer both types of question.
For the South Esk use case, example provenance questions can be, given a forecasting result:
• Q1: what's the lead time of the result and at what temporal resolution?
• Q2: which hydrologic model was used?
• Q3: who calibrated the model and which calibration method was used?
• Q4: what data were used as model input in the simulation?
• Q5: which preprocessing steps and methods were performed for a certain model input?
• Q6: for a gauge involved, when was it last calibrated?
THE PROVENANCE MODEL
From the requirements, we derive a set of key concepts that should be covered by a provenance model. We construct the model with a modular approach by decoupling domainindependent provenance from domain-specific provenance, and application-general provenance from use-case-specific provenance. Such an approach enables part of the model to be able to be reused. Three modules are generated: a basic module for describing the concepts independent of any particular domain, an application module for the concepts common to streamflow forecasting applications and a use case module for the concepts specific to a forecasting case (e.g. the South Esk case), among which the application and use case modules together describe domain-specific provenance.
We represent the model using the Web Ontology Language (OWL). OWL is expressive enough to provide precise description of the provenance information that needs to be represented. Also, it supports querying and reasoning over provenance. The reasoning enables a relatively compact representation (because we can rely on inference to infer data that are not represented), and is also critical for managing the relationships between domainspecific and domain-independent parts of our representation.
Representing domain-independent provenance
Regardless of domain, some concepts are fundamental, underlying provenance requirements of any application.
For example, those describing:
• the steps involved and associated methods;
• the artifacts used or generated by a step;
• the agents which interact with a step or an artifact;
• relationships between steps, artifacts and agents, e.g. an artifact was generated by a step.
To represent these concepts, we leverage existing work on provenance modelling. In this paper, we use the Open Provenance Model (OPM) (Moreau et al. ) .
Throughout this section, we use the terms in italic type
to denote the concepts defined in OPM and the terms in teletype to denote OWL classes (with the first letter in uppercase) or properties (with the first letter in lowercase).
OPM is an abstract model which provides a specification to express provenance information. It defines provenance as a directed graph, whose nodes are:
• artifact: immutable piece of state, which may have a physical embodiment in a physical object, or a digital representation in a computer system;
• process: action or series of actions performed on or caused by artifacts, and resulting in new artifacts;
• agent: contextual entity as a catalyst of a process, enabling, facilitating, controlling or affecting its execution;
and whose edges are:
used (from a process to an artifact): a causal relationship intended to indicate that the process required the availability of the artifact to be able to complete its execution;
wasGeneratedBy (from an artifact to a process): a causal relationship intended to mean that the process was required to initiate its execution for the artifact to have been generated; wasTriggeredBy (from process P 2 to process P 1 ): a causal dependence that indicates that the start of P 1 was required for P 2 to be able to complete; OPM also defines a set of one-step (or completion) and multi-step inference rules that can be applied to a provenance graph. An example of one-step inferences is that a wasTriggeredBy relationship can be inferred from the existence of used and wasGeneratedBy relationships. Multi-step inferences are associated with multi-step versions of existing relationships, i.e. used*, wasGeneratedBy*, wasTriggeredBy* and wasDerivedFrom*. They are used to find the causes of an artifact or a process which possibly involve multiple transitions. For example, process P used* artifact a if P used an artifact that was a or was derived from a possibly using multiple steps. for their formal semantic interpretations):
used o wasDerivedFromStar ⊑ usedStar We further extend OPMO to cover the following generic and domain-independent concepts and properties (the resulting ontology is OPMO þ , shown in Figure 3 ):
• Method and useMethod: a method describes how a process was performed, as defined by Process ⊑ ¼ 1 useMethod.Method.
• partOf: an artifact (resp. a process or an agent) can be part of another artifact (resp. process or agent). We define partOf as transitive and specify both its domain and range to be Artifact, or Process, or Agent.
• providedBy: an artifact may be provided by an agent, defined by
Artifact ⊑ ∀ providedBy.Agent
• Source and hasSource: an artifact may come with source information (e.g. sensor), defined by Artifact ⊑ ∀ hasSource.Source.
These extensions make it possible to represent such information as the method used in a process, the source of an artifact, whether an artifact is part of another artifact, Table 1 | The DL notations used in the paper (C and D are concept descriptions, R and S are roles or properties, and n is a number)
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and who provided the artifact, and thus to answer related provenance questions.
Representing domain-specific provenance
To represent domain-specific provenance, we extend OPMOþ. We first create an ontology for describing prove- ObjectiveFunction.
The inputs and outputs of the steps involved in streamflow forecasting can be grouped into three categories: hydrologic data, hydrologic models and all others (which we call auxiliary data). Each category is modelled as a subclass of opmo:Artifact, and three classes are thus created, i.e. HydroData, HydroModel and AuxiliaryData. HydroData include hydrologic observations, those derived from observations and those used or generated by a hydrologic model as model input or output, model parameters or states. They can be
TimeSeries or NonTimeSeries. Common features of
TimeSeries include the hydrologic quantity or property observed or derived, the unit used, the time period covered and the time-series type which characterises the relationship between a time instant and a value (e.g. continuous or accumulative), as defined below:
which specifies a time series has exactly one property, one unit, one time period and one series type. In addition, a Time-
Series can have a regular TemporalScale or
SpatialScale}, and a Location (in the case of forecasts), be provided with an overall Quality, or have a Source, e.g.
NWPModel or Sensor. We define a GaugeStation as a type of Sensor and describe it by type, model, location, accuracy and calibration history. Examples of NonTimeSeries include ModelInitialStates and ModelParameters.
There are two types of ModelParameters: PhysicalParameters which can be directly measured, and
ProcessParameters which need to be calibrated. A HydroModel (physically based) is characterised by its simulation mode (i.e. lumped, distributed or semi-distributed),
processes (e.g. water or energy balance) and routing schemes.
We describe a HydroModel mainly from its static aspects and capture its dynamic aspects through model calibration and simulation steps. AuxiliaryData are typically used to configure a step, e.g. the calibration period used by model calibration; they can also be auxiliary output of a step, e.g. skill score reports generated by model simulation.
Besides the steps, inputs and outputs, we also model the individuals and organisations involved in streamflow forecasting. We create two classes, Person and 
REQUIREMENTS REVISITED
With the provenance model described above, we satisfy the requirements (in the fourth section) by representing generic provenance concepts and then enhancing them with domain-specific semantics. We now illustrate how the model can be used to address the requirements as exempli-
The model is instantiated using the data from the South Esk use case. Figure 6 shows part of provenance instance data in N3 format (http://www.w3.org/DesignIssues/Notation3):
(a) a forecasting result, streamflow_forecasts_1;
(b) the simulation step which generated the forecasting result, simulation_1 (time_period_1 and time_period_2 represent the warm-up period and the simulation period, respectively);
(c) the gridded rainfall data used by the simulation step, rainfall_gridded_1;
(d) the spatial normalisation step which generated the gridded rainfall data, spatial_norm_1;
(e) the temporally normalised rainfall data used by the spatial normalisation step, rainfall_tn_1;
(f) the temporal normalisation step which generated the temporally normalised data, temp_norm_1;
(g) the rainfall data provided by BoM and used by the temporal normalisation step, rainfall_original_1;
(h) the sensor from which the rainfall data were observed, sensor_1. multiple steps. We achieve this through wasGeneratedByStar defined in OPMO. 
DISCUSSION AND CONCLUSIONS
Provenance has been studied in a number of domains, such as earth sciences and bioinformatics. One fundamental issue for provenance is its representation. This paper presents a provenance model for representation of provenance information in streamflow forecasting. Driven by a case study, the model has been designed to support usability, extensibility and reusability, by extending the widely used Open Provenance Model (OPM), using the formal logic-based Web Ontology Language (OWL) for encoding, and decoupling domain-independent provenance from domainspecific provenance, and application-general provenance from use-case-specific provenance. Further, the model has been evaluated with respect to its ability to satisfy the requirements as exemplified by a set of provenance questions.
Being metadata describing environmental data, the model bears some similarities to existing standards such as 
